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Laser Doppler holography is a planar blood flow imaging technique recently introduced in oph-
thalmology. We here present a digital method to reveal the local direction of blood flow with respect
to the optical axis based on the Doppler spectrum asymmetry. This directional information is over-
laid on standard grayscale blood flow images to depict flow towards the camera in red, and flow
away from the camera in blue. The local axial direction of blood flow can be revealed with a high
temporal resolution allowing to evidence potential blood flow reversal in out-of-plane retinal vessels.
Spectrograms can also be advantageously used to visualize the axial direction of blood flow and
perform quantitative blood velocity measurements.
INTRODUCTION
Doppler ultrasound examinations have become stan-
dard practice in clinic to diagnose vascular-related disor-
ders [1]. Indeed, Doppler ultrasound is a blood flow imag-
ing technique that offers a good penetration depth and
axial sectioning with a high temporal resolution, while
being non-invasive and relatively inexpensive. Besides,
the development of ultrafast ultrasound plane wave imag-
ing that recently allowed volumetric Doppler imaging
at unprecedented imaging speed paves the way towards
promising prospects [2, 3]. In ophthalmology, Doppler
ultrasound can be used to measure the flow velocity in
absolute units in retrobulbar vessels as they are of large
size and favorably oriented. The ophthalmic artery, the
central retinal vessels, and some posterior ciliary arteries
can be unambiguously resolved. However for lack of spa-
tial resolution, the inner retinal and choroidal vascular
networks to this day cannot be imaged satisfyingly with
Doppler ultrasound.
Laser Doppler holography is an optical implementation
of Doppler imaging that is based on the full-field assess-
ment of the local Doppler spectrum to measure blood
flow [4, 5]. The most notable conceptual difference with
Doppler ultrasound is that a reference arm is introduced
to measure the frequency shift by optical mixing, which
also allows to benefit from the coherent gain and phase
sensitivity provided by an interferometric detection. The
frame rates of ultrafast CMOS cameras have become suf-
ficiently high to sample Doppler frequency shifts of light
in the eye fundus which can be up to a few tens of kHz.
Blood flow in human retinal and choroidal vessels of a few
tens of microns can be imaged with a temporal resolution
of a few ms [6–8]. In this article, we propose an imple-
mentation for LDH of color Doppler imaging, a scheme
used in clinical Doppler ultrasound to color structural
image so as to indicate the local axial direction of blood
flow. This feature requires to know the sign of the fre-
quency shift of the Doppler shifted wave. The frequency
of a wave reflected by a moving object is positively or neg-
atively shifted depending on whether the object is moving
towards or away from the incoming wave. In Doppler
ultrasound, the frequency of ultrasound waves can be
straightforwardly measured by the transducer, and it is
then usually overlaid on grayscale anatomical images to
depict flow towards the transducer in red, and flow away
from it in blue. In optical Doppler measurements, the
Doppler shift is measured from the beat frequency of
an interferometric detection. In a self-mixing configura-
tion, positive and negative frequency shifts produce the
same beat frequency and cannot be distinguished [9, 10].
In LDH, the addition of a reference arm combined to a
numerical propagation allows to access the phase of the
optical field, so the sign of the shifted frequency can be
recovered. We here demonstrate that in out-of-plane reti-
nal vessels, the residual contribution of single backscat-
tering allows to retrieve qualitative information about
the orientation and direction of blood flow. We overlay
this directional information on non-directional grayscale
blood flow images to obtain a color code similar to the
one in used for ultrasound color Doppler imaging. We
show that this added directional contrast on blood flow
images allows to make sense of the vessels geometry and
identify the emergence of the central retinal artery and
vein. We then show in an eye afflicted by high tension
glaucoma and central retinal vein occlusion (CRVO) that
this directional contrast is able to evidence arterial blood
flow reversal. To our knowledge, this is the first time that
retinal blood flow reversal is imaged non-invasively. We
also make use of the directional contrast to observe the
Doppler spectra in vessels of different orientation, and to
qualitatively compare the measured flow. To that end, we
2use a spectrographic representation of the local Doppler
traces.
METHOD
Optical setup and usual Doppler processing
We use the fiber Mach-Zehnder LDH setup presented
in [6]. The light source used for the experiments is a
50 mW, single-mode laser diode at 785 nm wavelength
(Thorlabs LP785-SAV50, VHG Wavelength-Stabilized
SF Laser Diode, Internal Isolator). The power of the laser
beam incident at the cornea was 1.5 mW of constant ex-
posure, and the eye fundus was imaged over a field of view
of approximately 4 mm. Experimental procedures ad-
hered to the tenets of the Declaration of Helsinki, and the
study was approved by an ethical committee (Comit de
Protection des Personnes; clinical trial NCT04129021).
Written informed consent was obtained from all sub-
jects. The light backscattered by the retina interferes
with an on-axis reference beam to form holograms dig-
itally recorded by an ultrafast CMOS camera (Ametek
- Phantom V2511, quantum efficiency 40%, 12-bit pixel
depth, pixel size 28µm) sampling at fS = 67 kHz in a
512 × 512 format. The data processing applied to the
interferograms aims at revealing blood flow with a short-
time Fourier transform analysis, with a typical sliding
window size of 1024 holograms:
1. The diffracted speckle pattern captured by inter-
ferograms is numerically propagated to the reti-
nal plane by angular spectrum propagation. A
parabolic phase kernel is applied in the spatial
Fourier of each hologram [6, 11], and at this point
the reconstructed holograms have become complex-
valued.
2. The short-time window is then filtered by singular
value decomposition (SVD) to remove the Doppler
contribution of eye motion [12]. The eigenvectors of
the holograms space-time matrix associated to the
eigenvalues of highest energy are rejected to allow
access to blood flow contributions qt low frequency.
3. The Doppler power spectrum density (DPSD) is
computed from the squared magnitude of the tem-
poral Fourier transform of the hologram short-time
window [6]. It is denoted S(x, y, f), where (x,y) are
the pixel indexes, and f is the temporal frequency.
The reconstructed holograms are complex-valued, which
implies that the positive and negative parts of temporal
Fourier transform are not necessarily symmetrical. In
order to characterize the spectral distribution of energy,
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FIG. 1: Directional blood flow contrast. (a-b) Power Doppler
images from the positive and negative part of the Doppler
spectrum. (c-d) Sum and difference of those two images.
(e) Directional power Doppler, image, upward and downward
flow give red and blue contrasts, respectively. (f) Doppler
power spectrum density in two regions of a blood vessel where
the local flow as upward (green trace) and downward compo-
nents (blue trace), respectively.
we compute different linear combinations of the DPSD:
M0± =
∫ fS/2
fc
S(f)± S(−f) df
M1± =
∫ fS/2
fc
[S(f)± S(−f)] f df
where fc is the lower frequency threshold that is here
set to 1 kHz, and fS/2 is the camera Nyquist frequency.
The symmetrized zeroth moment M0+ is the area un-
der the power spectrum curve and is also referred to as
power Doppler. It is expected to represent the number
of scatterers traveling at any speed above the equivalent
velocity threshold, and therefore the quantity of moving
red blood cells, i.e. the local blood volume [13, 14]. The
symmetrized first moment M1+ yields a quantity that
takes into account both the number of photons above
the frequency threshold and their frequency shift, it is
expected to represent blood flow.
Directional contrast
In a situation of optical direct backscattering, if the
scatterer is moving towards the light beam, the induced
Doppler frequency shift is positive. On the contrary, if
3the scatterer is moving away from the light beam, the
light frequency is negatively shifted. In this work, we
introduce a directional contrast based on the Doppler
spectrum asymmetry to exploit the properties of light
directly backscattered by blood. In order to reveal the
asymmetry of the zeroth and first moment, new images
denotedM0− andM1− are computed as indicated above.
An example is considered in Fig. 1. Power Doppler im-
ages for the positive and negative parts of the Doppler
spectrum, i.e. with M0(f > 0) andM0(f < 0) are shown
in Fig. 1(a) and (b). These two images visibly differ in
some areas, but not in others, depending on the local ax-
ial direction of blood flow. Where blood flow has a signif-
icant upward component, the spectral energy is greater
on the positive side, and conversely when blood flow has
a significant downward projection, there is more energy
of the negative part of the spectrum. The sum and dif-
ference of M0(f > 0) and M0(f < 0) are computed to
obtainM0+ andM0− , respectively shown in Fig. 1(c) and
(d). The symmetrized power Doppler image M0+ reveals
all blood flow structures, whereas the differential spectral
image M0− shows signal only in some areas. Its value is
negligible where blood vessels are perpendicular to the
optical axis, and it is positive and negative where blood
flow has a significant upward or downward projection,
respectively. The purpose of the directional contrast is
to combine the information of both of these images in a
single one. To that end, a hue/saturation/value (HSV)
image combination scheme is used. The same method is
used indifferently for anyMn, with n = 0 or 1. The three
matrices used for the HSV composition at pixel indices
(x, y) are the following:
Hue =
{
red, if Mn− > 0
blue, otherwise
Saturation = |Mn− |
Value = Mn+
The hue matrix is obtained by binarization of Mn− , it
results in a red color where M0(f > 0) > M0(f < 0),
and a blue color otherwise. The saturation matrix is ob-
tained from the absolute value of Mn− , and the value
matrix is simply the image Mn+ . The images resulting
from this HSV combination for the zeroth and first mo-
ment are called directional blood volume or blood flow
images, respectively denotedMd0 andM
d
1 . The purpose is
to color the image Mn+ to have flow towards the camera
depicted in red, and flow away from the camera depicted
in blue. The color saturation depends on the spectral
asymmetry: the image remains grayish (low saturation)
where the Doppler spectrum is about symmetrical, and
becomes more vividly colored (high saturation) where the
asymmetry is greater. An example of directional blood
volume image is given in Fig. 1(e), the red/blue contrast
based on the spectral asymmetry superimposes on the
usual power Doppler image. Two regions of interest in
areas with red and blue contrasts along a same vein are
considered. The power spectrum density in each region
is plotted in Fig. 1(f) for a given short-time window. The
power spectrum density in region ’1’ is shifted towards
positive frequencies, and it is the other way around in
region ’2’, where the energy is shifted towards negative
frequencies. This is due to the difference of flow direction
with respect to the optical axis in both regions. Blood
flow has an upward flow component in region ’1’ because
the vessel goes over the ONH ridge, then blood flow has
a downward flow component in region ’2’ as the vein
plunges into the emergence of the central retinal vein.
Spectrograms
To analyze the pulsatile changes in directional con-
trast, we also use in this work a spectrographic repre-
sentation of the Doppler spectrum. In order to generate
spectrograms representing the local Doppler spectrum,
the baseline spectrum (spatial average) must be sub-
tracted, which requires to correct the vignetting. This is
carried out the following way: the power spectrum den-
sity matrix S(x, y, f) is first corrected for vignetting [8],
the first point of the temporal Fourier spectrum is re-
moved, and the spectral energy at any given pixel is
normalized. The power spectrum density is then spa-
tially averaged over a specific region of interest. Finally,
the baseline spectrum, spatially averaged over the entire
field of view, is subtracted to the measured spectrogram
trace, and the spectrum is set to 0 over the frequencies
where it is negative after subtraction of the baseline spec-
trum. So-called symmetrized spectrograms are computed
by summing the positive and negative parts of the spec-
trum. The mean frequency shift is estimated from the
resulting symmetrized spectrogram, and is superimposed
on it with a red plot. The axial velocity equivalent to
the the frequency shift in a case of direct backscatter-
ing is used to graduate spectrograms and symmetrized
spectrograms. The Doppler frequency shift ∆f in Hz
is converted into the equivalent velocity v in cm/s with
the Doppler formula: v = ∆f/2λn, where λ is the optical
wavelength, and n = 1.35 is the medium refractive index.
With a sampling frequency of 67 kHz and wavelength of
785 nm, the equivalent axial velocity corresponding to
the Nyquist frequency 33.5 kHz, which is the maximum
that can be measured without aliasing, is 9.7 cm/s.
RESULTS
Directional flow images
Examples of directional LDH images in healthy and
pathological eyes are shown in Fig. 2. The first three
examples in Fig. 2(a-c) show incoming flow from cilio-
4retinal arteries that can be readily identified from the red
contrast. Cilio-retinal arteries are supplied from branches
of posterior ciliary arteries located deeper in the optic
nerve head and typically present an upright portion that
makes them visible with the directional contrast. The
cilio-retinal arteries are especially well visible as they are
well separated from the rest of retinal vasculature of the
optic disc. As shown in Fig. 2(b), even surprisingly small
cilio-retinal arteries can be made visible with the direc-
tional contrast. Secondly, in Fig. 2(d-f), vessels tortuos-
ity. Collateral vessels that have formed in the optic disc
to shunt retinal vein occlusions are seen in Fig. 2(d) and
(e). The venous flow circulates in these entangled vessels
and the areas where the flow is going upward or down-
ward are revealed. The directional image in Fig. 2(f)
shows an example of tortuosity in large retinal vessels,
once again the sections of vessels where flow has a signif-
icant axial component can be easily identified. Finally,
the examples provided in Fig. 2(g-i) are cases of abnor-
mal orientation of the central retinal vessels (papillary
dysversion). In Fig. 2(g) and (h), the spreading of the
red contrast pointed by arrows indicates a mild inclina-
tion of the emergence of the central retinal artery, the
blurriness is presumably due to the overlying nerve fiber
layers. In Fig. 2(i), the inclination of the emergence of
the central retinal artery and vein is so important that
there is not even red or blue contrast to identify them.
Overall, although it is not quantitative, the directional
contrast is a useful tool to give a better understanding
of how the flow circulates axially. It is an additional fea-
ture that compensates for the lack of 3D information of
LDH images. It is particularly helpful to determine the
entry and exit points of blood flow into the retina, and
identify the emergence of the central retinal artery and
vein, and of possible cilio-retinal arteries. This is however
not systemically possible due potential unfavorable reti-
nal vessels geometries in some eyes, where vessels can be
entangled, or emerging from the optic disc with a weak
inclination.
Interestingly, the directional contrast seems much bet-
ter contrasted for retinal vessels than for choroidal ves-
sels. In almost all of the images shown in Fig. 2, some
choroidal arteries can be seen around the optic disc, and
these vessels are expected to be axially oriented as they
are branches of posterior ciliary arteries posteriorly lo-
cated. However, there is no or very little directional con-
trast visible in these vessels. We assume that the differ-
ential contrast between the two half of the Doppler spec-
trum is reduced because of the larger multiple scattering
contribution from the epithelial layer. The directional
contrast relies on the directly backscattered light whose
direction has not been randomized, thus it is likely that
the lower ratio of light single scattered versus multiply
scattered in the choroid leads to a decreased directional
contrast.
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
FIG. 2: Examples of vascular structures revealed with the
directional contrast. (a-c) Flow incoming from cilio-retinal
arteries. (d-f) Tortuous retinal vessels. (g-i) Abnormal incli-
nation of the central retinal vessels as they exit the papilla
(papillary dysversion).
Spectrographic flow representation
In Fig. 3, we investigate the pulsatile changes of
Doppler spectrum in vessels with a strong directional
contrast with spectrograms. In Fig. 3(a) and (b) are
shown the blood flow and directional blood flow images,
i.e. M1+ and M
d
1 , respectively. Thanks to the direc-
tional image, we identified the areas in the optic disc
where retinal vessels are sufficiently axially oriented to
produce a directional contrast. We selected two regions
of interest where the local blood flow has respectively
an upward and a downward component, denoted ’1’ and
’2’ in Fig. 3(b). A color composite image based on blood
flow systolodiastolic variations is shown in Fig. 3(c). This
image is made from the fusion of two blood flow images
averaged over systole and diastole (time points arbitrar-
ily chosen). The areas where blood flow is greater during
systole appear in orange, and blue when blood flow is
greater during diastole [12]. The purpose of this image is
to easily identify the retinal arteries (orange) and veins
(blue). The vessel marked by region ’1’, where the ax-
ial projection of blood flow has an upward component, is
visibly an artery. Conversely, region ’2’ marks a retinal
vein. The spectrograms measured in these two regions
are shown in Fig. 3(d) and (e). An arterial flow profile
can be observed in Fig. 3(d), and a venous flow profile is
seen in Fig. 3(e).
It is interesting to observe that the spectrograms in
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FIG. 3: Spectrographic flow measurement. (a-b) Blood flow
and directional blood flow. (c) Color composite flow map of
the systolodiastolic dynamic. (d) Spectrograms in the emer-
gence of the central retinal artery and vein. (e) Symmetrized
spectrograms in the same regions of interest. Visualization 1
these regions are entirely asymmetrized. For the upward
arterial flow, the spectral energy is only carried by pos-
itive frequencies, and for the downward venous flow the
spectrum is only carried by negative frequencies. Such
a spectral distribution of energy suggests that backscat-
tering is the main contribution to the Doppler spectrum.
As could be expected from a healthy eye, the spectrum
keeps the same for the full duration of the cardiac cycle,
which means blood flow keeps the same direction over
the cardiac cycle. The exact orientation of the vessels
with respect to the optical axis is unknown, so we cannot
correct for the influence of the angle between the scatter-
ing wave vectors and blood flow direction. Therefore the
present spectrograms are graduated only in equivalent
velocity, i.e. what the average velocity would be if the
vessels were exactly axially oriented. However the equiv-
alent velocities measured on these spectrograms stand in
good agreement with the order of magnitude of values
expected from instruments able to make absolute veloc-
ity measurements. With Doppler ultrasound, a study
found that the peak systolic velocity in the central reti-
nal artery occurs 2 mm below the optic disc surface at
an average value of 14 cm/s, with variations between 11
and 23 cm/s [15]. With Doppler-OCT, the mean velocity
(which is considered to be half of the maximum velocity)
measured in retinal vessel in the vicinity of the optic disc
1
2
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(d) Spectrogram in region ‘1’ 
(f) Symmetrized spectrogram in region ‘1’
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FIG. 4: Influence of the vessels geometry on the Doppler sig-
nal. (a) Directional blood volume. (b-c) Blood volume and
blood flow. (d) The spectrograms in two portions of a same
vessel where blood flow has a weak and strong projection on
the optical axis are quite different. (e) The symmmetrized
spectrograms are however very much alike despite the differ-
ence in flow orientation. Visualization 2
are in the range of just a few cm/s [16–20]. We are mea-
suring blood flow in the emergence of the central retinal
artery just before it branches into smaller arteries carry-
ing flow at lower velocities. Therefore we would expect
to find blood flow velocities in between the ranges mea-
sured by Doppler ultrasound and Doppler-OCT, which
is the case. It can be seen however that a part of the
signal is clipped due to undersampling. In the arterial
spectrogram shown in Fig. 3(d), the arrow points to an
aliased part of the systolic peak. Aliasing is problematic
as it hinders the measurement of the average frequency
shift, although here it seems to have only a minor effect.
Symmetrized spectrograms
If backscattering is indeed the dominant contribution
to the Doppler spectrum, LDH measurements should de-
pend on the local axial orientation of blood flow. In
Fig. 4, we are interested in qualitatively assessing the
influence of the Doppler angle, i.e. the angle between the
optical axis and the vessel direction, on the blood flow
signal measured by LDH. To that end, we use the direc-
tional contrast to identify two sections along a same cilio-
retinal artery that present a different orientation with re-
6spect to the optical axis, but where blood flow is expected
to be the same. The first region of interest is positioned
on a section where blood flows upward, and the second
one is positioned on a section where blood flows in-plane,
as shown in Fig. 4(a). Although the exact inclination
of the vessel in these two sections is not quantitatively
known, we know from the difference in directional con-
trast and from the usual geometry of cilio-retinal arteries
that there is an important difference in orientation, most
likely between 45 and 90 degrees. Blood flow however,
can reasonably be expected to be the same in the two
sections because there are no visible arterial branches
between the two chosen sections.
The spectrograms in these two regions of interest are
shown in Fig. 4(d) and (e). Similarly as in Fig. 3, in
the upward blood flow region, the energy of the spec-
trogram lies mostly in the positive frequencies. As men-
tioned before, a signed spectrum is an indication that
single backscattering is the dominant contribution to the
Doppler spectrum. However the energy of the spec-
trogram in the region where blood flow is in-plane is
equally distributed between the positive and negative
frequencies, indicating that multiple scattering is the
main contribution to the Doppler spectrum. Indeed as
the Doppler angle for in-plane blood flow yields a null
Doppler frequency shift, it is only thanks to multiple
scattering that LDH can be sensitive to in-plane blood
flow. Therefore, it seems that the local geometry of the
retinal vessels dictates different scattering regimes, which
directly influences the resulting Doppler spectra.
Interestingly, the symmetrized spectrograms of these
two regions of interest presented in Fig. 4(f) and (g)
present more or less the same distribution of energy. It
would have been expected that the velocities in region ’1’
would be higher than in region ’2’ because of the more
favorable Doppler angle. However, the equivalent veloc-
ity estimated from the mean frequency shift in the two
regions are very close. Despite the difference in Doppler
angle and the apparent difference in scattering regime in
the two regions of interest, the spectral distribution of
energy of the symmetrized spectrograms is quite similar.
What is more, the same conclusion can be reached by
comparing the cilio-retinal arteries pointed by arrows on
the directional image in Fig. 4(a) and on the blood vol-
ume or blood flow images in Fig. 4(b) and (c). The areas
where blood flow has a strong axial component as visible
from the red contrast, do not appear brighter than the
sections further on the vessels carrying the same blood
flow. Thus these qualitative comparisons indicate that
blood flow measurements are less sensitive to the vessel
orientation than it could have been expected.
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(h) Spectrogram in the emergence of the central retinal artery (’CRA’)
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FIG. 5: Blood flow reversal in the central retinal artery in
a case of high tension glaucoma/CRVO. (a-b) Blood vol-
ume and blood flow. (c) Color composite Doppler image of
low/high flow in red/cyan. (d-e) Systolic and diastolic direc-
tional blood flow. (f) ICG-Angiogram. (g) Blood flow mea-
sured in in-plane artery ’A’ and vein ’V’. (h) Spectrogram
measured in ’CRA’. Visualization 3 and Visualization 4
Blood flow reversal
We present measurements from an eye affected by
high tension glaucoma (54 mm.Hg of ocular tension) and
CRVO in Fig. 5. The subject was imaged with both
LDH and indocyanin-green angiography (ICG-A). The
averaged blood volume and blood flow images are shown
in Fig. 5(a) and (b). Blood flow variations are mea-
sured in an in-plane artery (A) and vein (V) and plotted
in Fig. 5(g). A color composite power Doppler image
is shown in Fig. 5(c) for the purpose of identifying the
emergence of the central retinal artery and vein (arrows
’CRA’ and ’CRV’). This image is obtained by fusing the
power Doppler over the 1-6 kHz and 6-33 kHz frequency
7ranges in cyan and red, respectively [7], which allows to
represent the slow flow in cyan, and the fast flow in red.
The vein is abnormally dilated, which is typical in cases
of retinal vein occlusions, and the venous blood flow is
significantly slower than the arterial blood flow. There-
fore on this composite image the vein is seen in cyan
and the artery in red. In Fig. 5(d-e) are shown the di-
rectional blood flow images averaged during systole and
diastole. It can be seen that the directional contrast in
the emergence of the central retinal artery changes from
red to blue over time, indicating that the direction of
blood flow changes throughout the cardiac cycle. The
spectrogram in Fig. 5(g) measured in the emergence of
the central retinal artery reveals precisely how the flow
changes direction throughout cardiac cycles. Unlike the
previous examples, this time the energy of the arterial
spectrogram does not remain over positive frequencies
during the whole cardiac cycle. During systole, the en-
ergy is in positive frequencies, so the arterial blood flow is
anterograde (’forward flow’ arrow). However during dias-
tole the energy is shifted to negative frequencies, which
means the flow becomes retrograde (’backflow’ arrow).
Visualization 3 shows the directional blood flow movies
juxtaposed with the arterial spectrogram.
The same eye was also imaged with an ICG-A us-
ing a Spectralis (Heidelberg Engineering). The ICG an-
giogram at the venous filling stage over the same field of
view is presented in Fig. 5(f). By itself, this image does
not give information about the flow circulation, however
the movie of the early circulation of the dye in the retina
shown in Visualization 4 is also able to reveal the arterial
flow reversal. It can be seen in the first few seconds of
this movie that when the dye first arrives in retinal arter-
ies, there are pulsatile variations of the ICG fluorescence
signal. In the light of the demonstration of the pulsatile
backflow observed with LDH, we know that these oscil-
lations are caused by blood flow diastolic reflux: the sys-
tolic wave carrying the front wave of ICG goes forward
and backward in the arterial vascular tree at the rhythm
of the cardiac cycle.
It is interesting to study the non-directional blood
flow variations measured in in-plane vessels shown in
Fig. 5(g). First, it should be noted that the arterial flow
profile is unusual in comparison with controls, but it is
in good agreement with the variations of the spectro-
gram. Indeed after the systolic peak, blood flow falls
down to zero, makes a small bounce, and then a sec-
ond more significant bounce until the diastole end. This
early cancellation of blood flow followed by an important
diastolic flow is exceptional. From the directional mea-
surements, we know that these bounces are retrograde
flow. A second observation is that the venous blood flow
is also significantly lower because of the venous occlu-
sion. However it should also be considered that the total
blood flow actually entering the retina is quite poor be-
cause of the flow reversal, therefore the flow exiting the
retina is also poor. We calculated the relative differential
flow entering from the central retinal artery as (flow for-
ward - flow backward)/(flow forward + flow backward)
is close to 1%. This value seems below what is realistic,
which might be caused by an incomplete compensation of
the ocular axial motion, or because of a potential venous
interference caused by the proximity of the arterial and
venous vessels in the papilla. However as the spectro-
gram flow trace in Fig. 5(g) is very close to the arterial
trace in Fig. 5(h), so if there is a venous interference, it
is probably minor.
DISCUSSION AND CONCLUSION
Arterial retrograde flow is commonly observed with
Doppler ultrasound in arteries supplying territories of
high vascular resistance such as muscles at rest, or in
arteries downstream to an arterial stenosis [21]. In
ophthalmic applications of Doppler ultrasound, arterial
blood flow reversal has been observed in the ophthalmic
artery in cases of severe occlusive carotid artery [22, 23],
but to our knowledge it has not been reported in the
central retinal artery. This is presumably because the
central retinal artery and vein are so close in the optic
sheath that their flow cannot be measured separately due
to insufficient spatial resolution. Therefore the part of
the spectrum carried by positive frequencies is assumed
to be the arterial flow and the part carried by nega-
tive frequencies the venous flow, so an arterial flow re-
versal would not be differentiated from the venous flow.
Retinal backflow had however already been observed in
the early days of fluorescein angiography in experiments
made on farm pigs eyes in which the intra-ocular pres-
sure was acutely increased [24, 25]. It was observed that
blood velocity decreases with higher intra-ocular pres-
sure, and that at the level of intra-ocular pressure near-
ing the no-flow point there is a substantial diastolic back-
flow in retinal arterioles. Similarly, in human subjects,
the existence of arterial retrograde flow had already been
reported for cases of retinal vein occlusions with fluores-
cein or indocyanin-green angiography [26–28]. However
the observation of blood flow reflux with a fluorescent
contrast agent is challenging because it relies on the ob-
servation of the dye front wave. The injection of the dye
should be performed rapidly otherwise a smooth injec-
tion makes the front wave of the dye less observable, and
the effect is clearly seen only in the first few seconds of
the injection where a proper fixation of the subject in
these moments is crucial.
The eye in which we observed such a strong arterial
blood flow reversal was affected by both high tension
glaucoma and CRVO. As mentioned, arterial retrograde
flow had already been reported in CRVO with invasive
methods. However the studies about raised intra-ocular
pressure on the retinal circulation of farm pigs also in-
8dicate that the high ocular tension of the present eye
could be a cause of the reflux. Therefore both afflictions
probably concur to this retrograde flow by increasing the
downstream vascular resistance, and their respective in-
fluence remains to be investigated. The question of the
long term effects of such an arterial blood flow reversal
is also raised. Considering that the actual blood flow en-
tering the retina is very low, the retinal oxygenation and
the evacuation of its metabolites must be significantly
hindered. In the case of reversed flow in the ophthalmic
artery, it has been found that it is a significant risk factor
for ocular ischemic syndromes [23]. The recurrent exis-
tence of diastolic blood flow reflux in eyes affected by high
tension glaucoma might be a simple reason to explain
why epidemiologist studies found that a lower diastolic
blood pressure is so dramatically associated with the oc-
currence of glaucoma [29]. Indeed a lower diastolic blood
pressure would make the retinal perfusion more suscep-
tible to diastolic blood flow reversal. However the occur-
rence of blood flow reversal in CRVO may suggest that it
is not only the ocular perfusion pressure (difference be-
tween the blood pressure and the intra-ocular pressure)
that is important to consider in order to prevent flow re-
versal, but also the inherent retinal vascular resistance.
The vascularization of the retina in glaucoma has long
been an active field of research. However most optical
techniques that have been used to measure retinal blood
flow, such as laser Doppler flowmetry and velocimetry,
or laser speckle contrast imaging, to our knowledge, do
not determine the direction of blood flow, and there-
fore would wrongly assess the retinal vascularization in
the presence of flow reversal. Indeed a diastolic back-
flow would be detected as a normally forward diastolic
flow, so the average blood flow of an eye presenting arte-
rial blood flow reversal as measured with an instrument
insensitive to the direction blood flow, may remain in
normal values over the cardiac cycle. Particularly, the
resistivity index as measured with the Pourcelot ratio
(Vsystole−Vdiastole)/Vsystole where V is the velocity, would
fail to account for the actual vascular resistance. A lower
resistivity index would be found in presence of diastolic
backflow than in the absence of diastolic blood flow. On
the other hand, we have found that the waveform profile
in this case of backflow presents a usable specificity. To
this day, in our clinical study we have not observed such
an early cancellation of blood flow followed by a signif-
icant rebound that lasts until the end of diastole in the
absence of flow reversal. Instead in the absence of flow
reversal, if there is a blood flow cancellation, blood flow
would usually remain null afterwards until the end of di-
astole. Thus there is reasonable hope that a high quality
measurement of arterial blood flow could be enough to
detect a significant arterial diastolic retrograde flow from
the observation of the non-directional flow variations.
The results presented in this manuscript indicate that
in large retinal vessels, the light scattering regime that
contributes the most to the Doppler spectrum varies as
a function of the vessel orientation. For in-plane blood
vessels, the energy of the Doppler spectrum is equally dis-
tributed between the positive and negative frequencies.
The Doppler angle yields a negligible Doppler frequency
shift when light backscatters on in-plane blood flow.
Therefore, although there should be single backscattered
light reaching the camera, it does not contribute signifi-
cantly to the Doppler spectrum, and multiple scattering
is the dominant contribution to the Doppler spectrum.
However, in the case of vessels closely oriented with the
optical axis we have found spectrograms to be almost
entirely asymmetrized, indicating that multiple scatter-
ing becomes negligible while backscattered light becomes
the main contribution to the Doppler spectrum. We hy-
pothesize two reasons to explain why the contribution
of multiple scattering light to the Doppler spectrum is
lessened in axially oriented vessels. First, the effective
light anisotropic factor in blood vessels may be increased
in consequence of the greater probed blood volume. A
second possibility is that the preferred orientation of ery-
throcytes in flowing blood could change the light scatter-
ing model in blood due to the anisotropic properties of
erythrocytes [30, 31].
Another finding of the study is that the blood flow
signal measured by LDH is not as sensitive to the flow
geometry as it could have been assumed. Qualitative
comparisons of blood velocity measurements in out-of-
plane and in-plane sections of a same vessel indicate that
the symmetrized spectral energy is similarly distributed.
This means that the blood velocity measured by LDH
does not seem substantially affected by vessels geome-
try. The precise dependence of the Doppler spectrum
mean frequency shift on the flow direction remains to be
investigated quantitatively. However, as the hereby in-
troduced directional contrast allows to identify in-plane
sections of vessels in order to measure the symmetrized
Doppler spectrum while making sure that there is no bias
due to the Doppler angle. The statistical properties of
the Doppler spectrum of multiply scattered light should
then be directly relatable to the absolute velocity of the
local blood flow [32].
In conclusion, we have presented a directional contrast
that improves LDH angiographic images by providing
qualitative information about the axial orientation and
direction of local blood flow. This directional contrast
relies on the Doppler spectral asymmetry of backscat-
tered light, and is helpful to identify the emergence of
the central retinal artery and vein. Thanks to the high
temporal resolution of directional blood flow movies, ar-
terial blood flow reversal can be evidenced unambigu-
ously. We illustrated this ability in an eye affected by
glaucoma and CRVO. We have also introduced simple
numerical methods to perform quantitative assessment of
local blood velocity from Doppler spectrograms in out-
of-plane and in-plane retinal vessels in the optic disc re-
9gion. Overall, LDH is a proficient alternative to Doppler
ultrasound to image blood flow in the inner retinal and
choroidal vasculature.
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